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Abstract: This paper explores the impact of various distancing measures on the spread of infectious
diseases, focusing on the spread of COVID-19 in the Moroccan population as a case study. Contact ma-
trices, generated through a social force model, capture population interactions within distinct activity
locations and age groups. These matrices, tailored for each distancing scenario, have been incorporated
into an SEIR model. The study models the region as a network of interconnected activity locations,
enabling flexible analysis of the effects of different distancing measures within social contexts and
between age groups. Additionally, the method assesses the influence of measures targeting potential
superspreaders (i.e., agents with a very high contact rate) and explores the impact of inter-activity
location flows, providing insights beyond scalar contact rates or survey-based contact matrices.
The results suggest that implementing intra-activity location distancing measures significantly reduces
in the number of infected individuals relative to the act of imposing restrictions on individuals with a
high contact rate in each activity location. The combination of both measures proves more advanta-
geous. On a regional scale, characterized as a network of interconnected activity locations, restrictions
on the movement of individuals with high contact rates was found to result in a 2% reduction, while
intra-activity location-based distancing measures was found to achieve a 44% reduction. The combi-
nation of these two measures yielded a 48% reduction.
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1. Introduction

Being able to understand and predict the spread of infectious diseases is of paramount importance
for public health and healthcare policy decision-making. The use of mathematical models to simu-
late disease dynamics has become a crucial tool for the assessment and mitigation of the impact of
epidemics [1, 2]. However, a critical factor affecting the accuracy of these models lies in the proper
characterization of interactions among individuals within the population. Social contact matrices con-
stitute a tool to integrate these interactions into epidemiological models.

The first introduced compartmental models often assume homogeneity in interactions among in-
dividuals [3], which may not faithfully represent the complexity of real social interactions [4, 5].
Estimating social contact matrices has emerged as an approach to improve the predictive power of
epidemiological models, especially in the context of the COVID-19 pandemic [6]. These matrices are
constructed from data collected through questionnaires that inquire about the duration and nature of
interactions among individuals in various social settings, such as schools, households, workplaces, and
more. Statistical methods are then used to fill in data gaps [4]. These contact matrices are subsequently
integrated into models to assess the impact of social distancing and containment measures. Restric-
tions are modeled by adjusting the coefficients of these contact matrices, where 0 represents complete
confinement of the population in the relevant setting, and 1 indicates that there are no restrictions [7,8].
However, this method does not allow one to capture the effect of social distancing [9].

There is a growing interest in estimating contact patterns by using the social force model (SFM) [10–
12]. Recent studies on COVID-19 estimated contact frequencies in different settings [9, 13]. A recent
approach using the SFM has introduced a spatio-temporal simulation of the spread of COVID-19 in
different social contexts [14–16]. It allows one to capture context-specific interactions. This has paved
the way for the estimation of contact matrices in various social contexts and under various demographic
characteristics of the studied population (size and age distribution), interpersonal distances [17,18] and
desired walking speeds [19, 20].

These matrices integrate distancing measures between different age groups, which is essential for
targeted vaccination strategies [21], isolating the most exposed age groups, or managing individuals
with a high potential for transmission.

In this study, we propose a reevaluation of distancing measures by using the new contact matrices
generated by the SFM. We address three key aspects:

i) The integration of the new contact matrices into an SEIR model to study disease propagation
within populations in various activity settings and compare the results with those obtained from
traditional matrices.

ii) The evaluation of the impact of social distancing as considered in the new contact matrices and a
comparison with the results of restrictions applied in other models.

iii) The explicit consideration of flows between different activity settings by simulating a region as a
collection of interacting social contexts connected through these flows.

The structure of this article is as follows. In Section 2, we present the models used for each case,
starting with a single social context and then extending the analysis to all social contexts that comprise
the total population. Section 3 presents the results and discussion.
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2. Materials and methods

2.1. Estimation of contact matrices via a modified SFM

First, we will briefly summarize the method for contact matrix estimation. This method entails
modeling interactions within populations from various social contexts by using an SFM, and as based
on demographic and sociocultural data. Figure 1 illustrates the process, and for more details, we refer
the reader to Appendix A.1.

1) Visitation frequency and du-
ration in the social context.

2) Demographic factors (age
groups and population size).

3) Sociocultural factors (desired
distances and walking speeds).

Input

A modified
SFM

Velocities
and routes
of agents

Estimated
social contact

matrices

Output

COVID-19
Contact

definition

Figure 1. Illustration of the method to estimate COVID-19-related contact matrices in a
social context: First, the geometry of the social context and the demographic characteris-
tics of the population are considered. Then, the duration and frequency of visits, as well
as data on the desired walking speeds and distances, are integrated based on the modeled
scenario,regardless of whether it involves normal interactions or restrictions. These data are
subsequently used in a modified version of the SFM to simulate the movements of the pop-
ulation. Ultimately, by applying the appropriate definition of COVID-19-related contact,
contact matrices by age group are generated.

2.2. A contact-structured SEIR model for disease spread in asingle social context

The dynamics of disease transmission can vary depending on the social context in which it occurs
and the age distribution of the population under consideration. We employ an age-structured SEIR
model in a social context [5, 8]. A contact matrix C is used to determine the contact rates between
different age groups. The elements of the matrix Ci j represent the rates of contact between individuals
belonging to age groups i, j = 1...M,M = 16. We shall describe the evolution of populations of
susceptible S i, exposed Ei, infected Ii, and recovered Ri individuals for each age group i by using the
following system:



dS i

dt
= −λi(t)S i

dEi

dt
= λi(t)S i − γEEi

dIi

dt
= γEEi − γI Ii − αiIi

dRi

dt
= γI Ii

, (2.1)
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where λi(t) = β
M∑
j=1

(
Ci j

I j

N j

)
is the disease transmission rate; β is the probability of infection upon

contact. γE is the average infectious period, while γI denotes the recovery rate, and αi represents the
mortality rate for age group i. To estimate the COVID-19 mortality rate within a specific age group,
we chose to rely on the infection-to-fatality ratio (IFR) described in [22, 23], as well as the infection
prevalence data from [24].

It is important to note that our use of the SEIR model serves as an illustrative example. We can
utilize alternative age-structured compartmental models that integrate contact matrices, or even more
advanced models specifically designed for COVID-19 [25]. Nevertheless, our main emphasis remains
on the contact matrices and the unique benefits of computing them by using the SFM, as demonstrated
in the results section, rather than relying on questionnaires.

2.3. Extending the SEIR model to a connected network of social contexts

We conceptualize a global region as a network of interlinked social contexts, encompassing work-
places, schools, households, and shopping centers, among others. Our primary attention is directed
toward four central activity hubs: schools, residences, workplaces, and shopping centers. We eluci-
date the virus transmission dynamics within each social context by employing the SEIR model. The
interrelations between these contexts are depicted by using a flow matrix F, with FAB signifying the
population migration rate from social context A to social context B. This rate is 25% for all places.
The visual representation below provides an overview of the global SEIR model applied to these inter-
connected activity locations, as illustrated in Figure 2.

Figure 2. An overview of the global SEIR model for interconnected social contexts:
F(S → H) represents the percentage of the school population moving towards households.
PS (S i) denotes the percentage of the susceptible population in age group i within schools,
and F(S → H) × PS (S i) is the rate of the susceptible population in age group i moving from
schools to households.
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3. Numerical results

3.1. Simulations settings

The chosen case study is the spread of COVID-19 in Morocco. Demographic features of the Mo-
roccans’ age distribution were estimated in [26,27]. The death rate was sampled by age group [28,29].
The parameters of the SEIR model are summarized in Tables 1 and 2. We utilize the decision factor I
to assess the effectiveness of a restriction measure.

I = 100 ×
1 − Icuml

matrix C

Icuml
Normal matrix

 , (3.1)

where Icuml
matrix C is the cumulative number of infected individuals when we apply a measure, and

Icuml
Normal matrix is the cumulative number of infected individuals in the absence of measures.

Table 1. Model parameters.

Definition Symbol Value Reference
Transmission probability per contact β 0.0962 [30]
Daily contact rate Ci j Age-dependent [5, 14]
Population size Ni 36.91 × 107 by age group [26, 27]
Average infectious period γE

1
14 [31]

Recovery rate γI 6.19 × 10−4 [30]
Mortality rate αi Age-dependent [22, 32]

Table 2. Mortality rate αi and demography by age group [26–29].

Age bracket Mortality rate (%) Demography (%)
0–4 0.005 9
5–9 0.0009 9.4

10–14 0.001 8.6
15–19 0.0045 8.1
20–24 0.009 7.8
25–29 0.015 8.2
30–34 0.035 7.8
35–39 0.06 7.6
40–44 0.07 6.5
45–49 0.085 5.7
50–54 0.3 5.3
55–59 0.55 4.9
60–64 0.65 4.3
65–69 1 3.3
70–74 2 1.9
75–79 4 1.5
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Detailed demographic distributions by age bracket within various activity locations can be found in
Appendix A.6.

3.2. Infection dynamics within a single social context

3.2.1. Epidemiological curves: contact matrices derived from the SFM in a Moroccan shopping
center

In this section, we assess the impact of social distancing measures on disease spread in a shop-
ping center with 2000 people. Contact matrices were estimated by using the SFM. The figures below
illustrate contact patterns in normal and social distancing scenarios. The contact matrix shown in
Figure 3(A) was constructed by considering the population’s typical movements and interactions in a
Moroccan shopping center, taking into account sociocultural factors such as desired distance and walk-
ing speed, as described in [14, 33]. The desired distance corresponds to a personal social distancing
range, specifically ranging from 0.4 meters to 1.2 meters. In contrast, the contact matrix shown in
Figure 3(B) represents distancing restrictions among individuals, replacing the personal distance with
a public distance of 3 to 4 meters. For a comprehensive description of social distances, refer to Table 6
in Appendix A.5.
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Figure 3. Visualization of SFM-based contact matrices for a population in a Moroccan
shopping center: A) without Distancing, and B) with Distancing.

In Figure 4, the SEIR model was applied by using the contact matrices computed by using the
SFM. The implementation of stringent social distancing measures in the shopping center resulted in a
33.3% reduction in the peak, decreasing from 600 to 200 infectious agents. In terms of the cumulative
number of infections, we can see a reduction of 60%, going from 42850 individuals in the scenario
without distancing to 17160 individuals in the scenario with distancing.
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Figure 4. Comparison of epidemiological curves associated with SFM-based contact matri-
ces, with distancing (red curve) and without distancing (green curve) in a shopping center
in Morocco. (A) the susceptible population, (B) the exposed population, (C) the infectious
population, and (D) recovered individuals.

We also chose to investigate the impact of restricting interactions among age groups with the high-
est contact rates (35 to 39 years, 40 to 44 years, and 45 to 49 years) and the others. Figure 5 compares
the effects of implementing social distancing measures, imposing restrictions only on individuals with
high contact rates, and combining both restrictions. It is evident that social distancing measures are
much more effective than targeting specific age groups with very high contact rates. The epidemiolog-
ical curves for various social contexts under social distancing measures, using our estimated contact
matrices, were derived as presented in Appendix A.3.
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Figure 5. Reduction rates for infectious individuals in various social contexts under different
restrictions.
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3.2.2. Comparison of epidemiological curves derived from SFM-based contact matrices and
survey-based contact matrices

We obtained contact matrices for Morocco from a study that projected contact matrices based on
questionnaires for 152 countries [5], as indicated in Appendix A.2, Figure 11. We also used contact
matrices based on the SFM. Subsequently, we compared the epidemiological curves derived from the
two sets of matrices within different social contexts. Figure 6 displays the curves in the case of schools,
while the curves for other social contexts are provided in Appendix A.4. The cumulative number of
infectious individuals was 1.3×109 for the estimated matrix and 1.38×109 for the survey-based contact
matrix. These figures indicate a close alignment between the results obtained from the two sources.
A comparison of the infection dynamics for other settings, as determined by using SFM-based and
survey-based contact matrices is presented in Appendix A.4.

Figure 6. SFM-based contact matrix (green curve) versus survey-based contact matrix (red
curve) for schools: (A) evolution of susceptible individuals; (B) evolution of exposed indi-
viduals; (C) evolution of infectious individuals; (D) evolution of recovered individuals.

3.3. Infection dynamics in connected social contexts with integration of social distancing

This subsection details the examination of the spread of infectious diseases in connected social
contexts by incorporating social distancing measures.

First, let us recall the traditional method for the integration of social contact matrices. Let Ci j

represent the total average number of contacts between an individual in age group i and individuals in
age group j across various social contexts. In the context of contact matrices based on questionnaires,
the incorporation of distancing measures into epidemiological models is expressed by the following
formula:

Ci j = CH
i j + αCS

i j + βC
W
i j + γC

O
i j [8] , (3.2)

where CH
i j , CS

i j, CW
i j , and CO

i j denote the contact numbers in households (residential areas), workplaces,

Mathematical Biosciences and Engineering Volume 21, Issue 3, 4370–4396.



4378

schools, and other locations (public spaces and shopping centers ); α, β, γ are control parameters with
values between 0 and 1 that are forced on non-household contacts to account for social distancing.
This approach supposes homogeneity in compliance with social distancing. However, some studies
estimate that adherence to distancing may depend on age and sociocultural factors [34,35]. The SFM-
based contact matrices estimated in a social distancing scenario account for this heterogeneity through
demographics and interpersonal distances. For the first simulations described in this section, we ap-
plied α, β, γ = 1 in both the normal and social distancing scenarios. The incorporation of social
distancing measures into the SFM-based contact matrices significantly reduced the total cumulative
infectious count from 1.533 × 1010 to 4.48 × 109 (Figure 7). We also integrated these contact patterns
into the compartmental model, as shown in Figure 7. Results show that social distancing resulted in a
reduction of 43% (Figures 8, 9). This reduction is less than 50% and might need to be combined with
other intervention measures.
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Figure 7. Comparison of epidemiological curves in a scenario with (red curve) and without
(green curve) social distancing. Contact matrices were calculated by using the SFM. Ci j =

CH
i j + CS

i j + CW
i j + CO

i j, with no flow considered between social contexts. (A): evolution of
susceptible individuals. (B): evolution of exposed individuals. (C): evolution of infectious
individuals; (D): evolution of recovered individuals.

Then, we chose to study the effect of restrictions on the movement of age groups with high contact
rates. These age groups could be considered as potential superspreaders [13]. In each social context,
the age groups with the highest contact rates are identified, and then the displacement of this age group
from the residential area is cut off. For example, individuals aged 20–24 were found to have the highest
contact rate in residential areas and shopping centers. The flow of movement of this age group toward
shopping centers is also cut off; however, they were able to move to other contexts.The results are
presented in Table 3.

Results in Figure 9 show that restricting specific age group movements is not an efficient interven-
tion measure. These results are consistent with the idea that group-targeted restriction measures are
not as efficient as when a whole community is restricted from movement [36, 37].
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3.4. Combination of social distancing and global movement restrictions

Here we describe the results of integrating social distancing contact matrices into the SEIR model
with interconnected social contexts. This measure has been combined with restrictions on movement.
We study the effect of cutting off the flux of displacement towards each social context. The results
show that closing schools is more effective with a reduction of 92%, followed by public places at
75.94%, and shopping centers at 66.92%, Figure 10. Another area of research also associates the
combination of school closure and other measures with a reduction in COVID-19 cases [38]. Overall
in this study combining social distancing with global restriction of movement from households to other
social contexts achieved the greatest reduction in the number of infections.

Table 3. Results of the age groups found by combining the contact matrix of households
with other contact matrices of the remaining places of activity.

Places of activity Workplaces Schools
Age groups 20-24 ; 24-29 ; 30-34 ; 35-39 ;

40-44 ; 45-49 ; 50-54 ; 55-59 ;
60-64

10-14 ; 15-19 ; 20-29 ; 30-34 ;
35-39 ; 40-44 ; 55-59

Places of activity Public spaces Shopping centers
Age groups 20-24 ; 24-29 ; 30-34 ; 35-39 ;

40-44 ; 45-49 ; 50-54 ; 55-59 ;
60-64 ; 65-69 ; 70-74

20-24 ; 24-29 ; 30-34 ; 35-39 ;
40-44 ; 45-49 ; 50-54 ; 55-59 ;
60-64 ; 65-69
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Figure 8. Epidemiological curve results based on confinement by age group (superspreaders)
and social distancing restriction with flux. (A) The evolution of susceptible individuals. (B)
The evolution of exposed individuals. (C) The evolution of infectious individuals. (D) The
evolution of recovered individuals.

Mathematical Biosciences and Engineering Volume 21, Issue 3, 4370–4396.



4380

movement re
stric

tio
ns

social d
istancing

combinatio
n

0

10

20

30

40

50

R
e
d
u
c
ti
o
n
 (

%
)

Figure 9. Global reduction rate associated with superspreader restrictions and Social dis-
tancing with flux.

59.88

92.02

75.94

66.92

Abs
en

ce
 o

f w
or

kp
la
ce

s

Abs
en

ce
 o

f s
ch

oo
ls

Abs
en

ce
 o

f p
ub

lic
 s
pa

ce
s

Abs
en

ce
 o

f s
ho

pp
in
g 

ce
nt

er
s

0

20

40

60

80

100

R
e

d
u

c
ti
o

n
 (

%
)

Figure 10. Reduction rate associated with global movement restrictions with flux.
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4. Conlusions

Non-pharmaceutical measures allow one to delay the peak of an epidemic, which allows govern-
ments to anticipate and prevent their socio-economic impacts. Mathematical models provide tools
to test these measures by simulating artificial populations. The data integrated into these models are
generally estimated based on surveys. These questionnaires estimate contact patterns between individ-
uals which depend on the demographics and sociocultural characteristics of the studied population. In
this study we integrated contact patterns that were estimated by using the SFM. This method allows
us to simulate interactions between individuals in a synthetic population representing the Moroccan
population. Simulations take into account demographic and sociocultural characteristics such as the
interpersonal distances between individuals. Contact patterns estimated under the conditions of a social
distancing scenario take into account the disparity observed in compliance with this measure. Further-
more, we have used an SEIR model where social contexts are interconnected. This approach allows
one to model movements between different contexts.

First, we studied the impact of social distancing in a single social context. The results show a 44%
reduction in the number of cumulative infections. Simulations showed that restricting high contact
rates individuals interactions was not impactfull.

Next, we simulated the infection dynamics by considering social contexts that are interconnected.
with this configuration we studied the effectiveness of social distancing, restricting the movements of
age groups with high contact rates, the combination of these last two, and the combination of social
distancing and the closure of each social context. The results show that restricting the movement
of specific age groups who may be potential superspreaders is less effective than social distancing.
Other studies have shown that measures targeting specific age groups are not very effective [36, 37].
Social distancing reduced the number of infections by 44%. The effectiveness of social distancing has
been discussed in previous works. Some scholars have presumed its ineffectiveness to be due to the
heterogeneity observed in adherence to this measure [34]. Other studies support the effectiveness of
social distancing, especially when combined with other intervention measures [39, 40]. In our study
a combination of social distancing with other measures appears to be key to mitigating COVID-19
propagation. Its combination with global movement restrictions that were independent of age had the
greatest impact. Furthermore, simulations revealed that its combination with school closures is more
effective.

In this work, we developed an approach that allows the integration of contact matrices derived from
SFMs. Estimated contact matrices can be an alternative to questionnaire-based methods. The approach
used is a compartmental model in which social contexts are interconnected. We believe that this work
contributes to the field because it yielded ideas that would improve the quality of predictions in the
context of preventing the spread of emerging infectious diseases.
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Appendix A.

Appendix A.1. Computation of contact matrices

Contact matrices were estimated by using a social force model (SFM). The SFM allows one to
simulate interactions within a community as well as interactions with the environment. The model was
introduced by Helbing and Molnar [10]. It has been modified to account for interpersonal distances
between agents. The equation is as follows:

mi
dvi

dt
= f sel f

i + f soc
i + fobs

i , (4.1)

where mi is the mass of an agent that influences its response to external forces and contributes to
its realistic behavior simulation, vi is the agent’s velocity, which determines the speed at which the
agent moves in the SFM, and f sel f

i represents the self-driven force that allows the agent to tailor their
speed to a desired velocity. f soc

i is the social repulsive force that integrates each agent’s personal space.
fobs
i is a repulsive force that keeps agents from colliding with walls and obstacles. Further details on

the model are provided in [10, 11]. To compute the contact matrices, sociocultural and demographic
data stratified by age group were collected on the basis of agent behavior in different social contexts.
These data include interpersonal distances [18], which define agents’ personal spaces, desired walking
velocities [41], weights [42–45], the prevalence of each age group in each social context [46–51], and
other parameters of the SFM.

We have taken into consideration the safety distance for respiratory infectious diseases to determine
contact between two pedestrians. We then considered the duration of exposure required to breathe
in an infectious dose while staying inside the specified safety zone. We have defined contact as an
interaction in which two agents remain within 1.8 m of each other for 30 seconds [52, 55]. Any
additional interaction between two individuals is not counted after their initial encounter [57]. A matrix
Ci j, which is the total number of encounters between each age group, is the result of our simulations.
Next, we constructed a matrix mi j that estimates the mean number of interactions between a person in
age group i and agents in age group j such that Ci j = mi j × ni = m ji × n j = C ji, where ni and n j are
the respective age groups. For each social context, we estimated the contact matrices throughout the
activity. We took into account eight hours of activity at schools [53,60], five hours in homes [56], eleven
hours in malls [63], and lastly eight hours and sixteen hours, respectively, at workplaces and other
locations [54]. In our simulations, each agent spent an average of 135 minutes [58] at the shopping
center during the 11-hour opening period.To account for social distancing each agent’s interpersonal
distance was set to 2 m in each social context.
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Appendix A.2. Survey-based contact matrices

Morocco
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Figure 11. Illustration of survey-based contact matrices for data from Morocco. The color
intensity of each cell represents the mean number of contacts between an individual in one
age group and individuals in another age group across various social contexts. Figure adapted
from [5].
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Appendix A.3. Determining the infections dynamics in a social context with social distancing
integration by using our estimated contact matrices

We constructed epidemiological curves in various social contexts (households, workplaces, schools,
and public spaces) that incorporate social distancing measures by utilizing our estimated contact ma-
trices.

Appendix A.3.1. Influence of social distancing on household infection transmission

In Figure 12, we present a comparison of the epidemiological curves for normal and social dis-
tancing contact within households. The figure illustrates that social distancing reduces the number of
susceptible, exposed, and infectious individuals, while increasing the number of recovered individuals.
As shown in the figure, social distancing also delays and lowers the infectious curve peak.

Figure 12. Normal contact matrix (green curve) versus social contact matrix (red curve)
within households. (A): evolution of susceptible individuals. (B) : evolution of exposed
individuals. (C): evolution of infectious individuals. (D): evolution of recovered individuals.

Appendix A.3.2. Influence of social distancing on workplace infection transmission

In Figure 13, COVID-19 epidemiological curves with and without social distancing measures are
compared. As compared to the green curve without social distancing, the red curve showed greater
protection for the population, lower potential for new infections, a reduction in the epidemic peak, and
a reduction in mortality.
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Figure 13. Normal contact matrix (green curve) versus social contact matrix (red curve)
within workplaces. (A): evolution of susceptible individuals. (B): evolution of exposed indi-
viduals. (C): evolution of infectious individuals. (D): evolution of recovered individuals.

Figure 14. Normal contact matrix (green curve) versus social contact matrix (red curve)
within schools. (A): evolution of susceptible individuals. (B): evolution of exposed individ-
uals. (C): evolution of infectious individuals. (D): evolution of recovered individuals.
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Appendix A.3.3. Influence of social distancing on school infection transmission

In Figure 14, the epidemiological curves for schools are presented for two contact matrices: a
normal contact matrix (green) and a social distancing matrix (red). As compared to the no-distancing
scenario, social distancing lowers the number of susceptible, exposed, infected, and recovered people.
As a result of social distancing, infection peaks are lower and later than when a normal contact matrix
is used.

Appendix A.3.4. Influence of social distancing on public space infection transmission

Contact matrices estimated by using the SFM were used to compare epidemiological curves be-
tween scenarios with and without social distancing, as shown in Figure 15. Public places where people
can maintain social distancing are lessto becoming susceptible, exposed, infected, and then recovered
from COVID-19 transmission.

Figure 15. Normal contact matrix (green curve) versus social contact matrix (red curve)
within public spaces. (A): evolution of susceptible individuals. (B): evolution of exposed
individuals. (C): evolution of infectious individuals. (D): evolution of recovered individuals.

Appendix A.3.5. Cumulative number of infections and the reduction factor for normal contact and
social distancing matrices

Table 4 presents the cumulative infections and reduction factors for normal contact matrices and
social distancing matrices in various social contexts. Social distancing has been shown to lead to
significant decreases in infections across all contexts, ranging from 40% in public spaces to 99% in
workplaces.
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Table 4. Cumulative infectious cases and their reduction factor for normal and social dis-
tancing contact matrices.

Places of activity Households Workplaces Schools Public spaces
Cumulative number of
infectious for normal

contact matrix
1.35 × 1011 3.97 × 1010 1.3 × 1011 7.5 × 1010

Cumulative number of
infectious for social

distancing
contact matrix

2.83 × 1010 5.74 × 104 2.1 × 1010 4.5 × 1010

Reduction (%) 80 99 83 40

Compared to other environments, workplaces displayed the largest reductions in infections (99%),
which can be attributed to the frequent and prolonged contact between employees. By implementing
social distancing measures, the number of contacts was reduced significantly and transmission risks
were effectively mitigated. Among households, we observed the second-highest reduction (80%),
demonstrating the importance of reducing intrafamily contact. There was a significant reduction (83%)
in infections in schools by limiting inter-class contact, but the impact was less pronounced in public
spaces, where there was a reduction of 40% in infections.

Appendix A.4. Results for infections dynamic comparison between social context survey-based
contact matrices and our estimated SFM matrices

Here, we want to compare the infection dynamics in different social contexts for two sources of
contact matrices: those derived from surveys and those estimated via the SFM. To simulate the epi-
demiological curves for each social context, we used the age-structured SEIR model and compared the
results from an SFM-based contact matrix with a survey-based contact matrix.

Appendix A.4.1. Determining the infection dynamics in households by Using survey-based contact
matrices and SFM-Based Contact Matrices

In Figure 16, the infectious individual peak based on SFM data (green curve) is slightly higher than
that based on survey data (red curve). Given that the SFM-based contact matrix declines faster than
the survey-based contact matrix after peak, there are near zero infectious individuals around day 170,
while the survey-based contact matrix still shows a positive number until day 180.
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Figure 16. Normal contact matrix (green curve) versus survey-based contact matrix (red
curve) results for within households. (A): evolution of susceptible individuals. (B): evolution
of exposed individuals. (C): evolution of infectious individuals. (D): evolution of recovered
individuals.

Figure 17. Normal contact matrix (green curve) versus survey-based contact matrix (red
curve) results for within workplaces. (A): evolution of susceptible individuals. (B): evolution
of exposed individuals. (C): evolution of infectious individuals. (D): evolution of recovered
individuals.
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Appendix A.4.2. Determining the infection dynamics in workplaces by using survey-based contact
matrices and SFM-Based Contact Matrices

Figure 17 provides interesting insights regarding the comparison between the SFM-based contact
matrices and survey-based contact matrices within workplaces.

First, both the SFM-based and survey-based contact matrices exhibit similar trends in the epidemi-
ological curves, showing the evolution of susceptible, exposed, infectious, and recovered individuals.
However, the SFM-based contact matrix (green curve) shows a higher peak and a faster spread of the
infection than the survey-based contact matrix (red curve).

Appendix A.4.3. Determining the infection dynamics in other locations (public spaces and shopping
centers) by using survey-based contact matrices and SFM-based contact matrices

Figure 18 presents a comparison of epidemiological curves for infection dynamics in public spaces
for two sources of contact matrixes: SFM-based and survey-based.The results for infectious individuals
due to the SFM-based contact matrix (green curve) are at a lower peak than those due to the survey-
based contact matrix (red curve). Contact matrices from two sources differ based on the assumptions
and methods used for their estimation, which may explain their differences. Unlike the survey-based
Contact Matrix, which relies on self-reported data from questionnaires, the SFM-based contact matrix
incorporates sociocultural factors such as interpersonal distances and desired walking speeds.

Figure 18. Normal contact matrix (green curve) versus Survey-Based contact matrix (red
curve) results for within other locations. (A): evolution of susceptible individuals. (B):
evolution of exposed individuals. (C): evolution of infectious individuals. (D): evolution
of recovered individuals.
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Appendix A.4.4. Cumulative infectious cases for normal SFM-based and survey-based contact
matrices by activity location

Table 5 shows cumulative Infectious Cases with Normal and Survey-Based’s Contact Matrices
across Activity Locations. The results show that the SFM-based contact matrices produce lower es-
timates of the cumulative infectious cases than the survey-based contact matrices for all activity lo-
cations except households. As a result, SFM-based contact matrices capture social distancing-based
matrix more accurately than survey-based contact matrices that assume homogeneity in compliance
with distancing measures.

SFM-based contact matrices estimate about half as many infectious cases as survey-based contact
matrices for other locations, where the difference between the two sources is particularly noticeable.
The variation in interpersonal distances and contact frequencies among different age groups seems to
be more sensitive to other locations.

In the cases of both sources, households account for the highest number of cumulative infectious
cases. Interventions aimed at household contacts are necessary to control the spread of the epidemic.
Workplaces and other locations are the leading sources of infection, followed by schools, which have
the least effect on infection dynamics. In addition to the susceptibility and infectivity of different age
groups, this reflects the age distribution and contact patterns at each activity location.

Table 5. Cumulative infectious cases for normal and survey-based contact matrices by activ-
ity location.

Places of activity Households Workplaces Other locations
Cumulative number of
infectious for normal

contact matrix
1.35 × 1011 3.97 × 1010 7.5 × 1010

Cumulative number of
infectious for survey-based

contact matrix
1.31 × 1011 5.2 × 1010 1.4 × 1011

Appendix A.5. Classification of social distances

Here, we present the classification of social distances that we used to estimate the contact matrices
for different social contexts. Given that it represents the physical space between two individuals, add
their social distance can reflect their relationship and cultural norms. A study by Hall [17] distinguished
four kinds of social distances: intimate, personal, social, and public. Each type of distance has its own
range of values, as shown in Table 6. Based on the context and age group of agents, we determined the
desired distances of agents in the SFM. In a household setting, for instance, agents prefer the intimate
level of distancing, while in a shopping center, they prefer the social level of distancing. The desired
distances [18] were varied to simulate different scenarios of social distancing and normal interactions.

Mathematical Biosciences and Engineering Volume 21, Issue 3, 4370–4396.



4391

Table 6. Types of social distances and their examples [17, 18].

Distance Description Example
0–0.4 m Intimate distance Parents, children, lovers, spouses, and partners
0.4–1.2 m Personal distance Close friends and family members
1.2–3 m Social distance Co-workers and acquaintances
3–4 m Public distance Strangers and officials

Appendix A.6. Population demographics within the place of activity

This section of the appendix contains data presented in Table 7 on the demographics of residents
of different places of activity, including shopping centers, schools, homes, workplaces, and public
spaces . Using the SFM, these data were used to estimate the contact matrices for each social context
based on the sources cited in [14]. Based on the age distribution and frequency of Moroccans, the data
show the percentage of each age group at each location. Social interactions in different settings are
heterogeneous and variable, and these data help to capture these characteristics.

Table 7. Demography by age bracket for different locations. Information adapted from [14].
Location

Age bracket Shopping centers Schools Households Workplaces Public Spaces
Demography (%) Demography (%) Demography (%) Demography (%) Demography (%)

0-4 0 0.885 11.55 0 0
5-9 0.6 30.97 12.23 0 0.6

10-14 1 38.05 11.42 0 1
15-19 12.75 22.12 7.45 7.75 12.75
20-24 12.25 0.885 7.17 7.65 12.25
25-29 12.5 0.885 7.53 15.34 12.5
30-34 12.04 0.885 7.25 14.41 12.04
35-39 11.42 0.885 6.89 12.2 11.42
40-44 10.03 0.885 6.05 10.35 10.03
45-49 6.05 0.885 5.39 9.02 6.05
50-54 5.43 0.885 4.83 8.38 5.43
55-59 5.11 1.77 4.55 7.9 5.11
60-64 4.49 0 3.03 0 4.49
65-69 3.44 0 2.34 0 3.44
70-74 2.08 0 1.41 0 2.08
75-79 1.35 0 0.92 0 1.35
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